The tolerance of spiny lobster J. edwardsii phyllosoma to the effects of increasing levels of ammonia was assessed at Stages I to IV of larval development. The median lethal concentration (96-h LC 50 ) for total ammonia (and corresponding NH 3 -N) were 31.6 (0.97) mg l À1 , 45.7 (1.40) mg l
INTRODUCTION
The farming of spiny (or rock) lobsters is now considered a realisable prospect to supplement the production from fisheries for the supply of this sought after food with high global demand. However, the commercialisation of spiny lobster culture from hatchery reared seedstock is hampered by poor survival through the protracted larval phase (Kittaka and Booth, 1994) . In Australia, research into the development of rearing techniques for aquaculture has focused on the southern and tropical rock lobsters (Jasus edwardsii, Hutton, 1875 and Panulirus ornatus, Fabricius, 1798, respectively) with the first animals recently cultured to juveniles (Ritar et al., 2006) . Environmental parameters that markedly influence the physiological response of the larvae of J. edwardsii, and probably larvae of other spiny lobsters, are temperature (Bermudes and Ritar, 2004) , salinity (Bermudes and Ritar, 2005) and light (Bermudes et al., 2008) .
The water quality in aquaculture systems commonly deteriorates with the accumulation of nitrogenous wastes originating from intensive feeding regimes, especially during recirculation. Ammonia may be liberated in the aquatic environment from the decay of uneaten food and as the result of catabolism in cultured organisms (Tomasso, 1994) . Ammonia is the main nitrogenous excretory product in aquatic animals. Total ammonia (ammonia-N, or NH 4 þ þ NH 3 ) exists in solution primarily as the ammonium ion (NH 4 þ ) and the un-ionised NH 3 (NH 3 -N) molecule, the proportions of which are dependent on pH, temperature, and salinity. The un-ionised form of ammonia is able to diffuse readily across cell membranes (Fromm and Gillette, 1968) and is considered to be more toxic to aquatic animals than NH 4 þ (Tomasso, 1994) . Ammonia toxicity was reported in all life stages (i.e., larvae, post-larvae, juveniles, and adults) of crustaceans (Armstrong et al., 1978; Chin and Chen, 1987; Kou and Chen, 1991; Young-lai et al., 1991; Lin et al., 1993; Zhao et al., 1998) . Shifts in the tolerance to ammonia throughout life stages and also during larval development were common findings amongst these studies. While chronic toxicity data are essential to the design of aquaculture systems, this aspect of ammonia toxicity in crustaceans has been less extensively studied than acute toxicity (Armstrong et al., 1978; Chen and Tu, 1991; Chen and Lin, 1992; Wasielesky et al., 1994) .
The mechanisms of ammonia toxicity in crustaceans remain poorly understood (see reviews by Armstrong, 1981, and Tomasso, 1994) . Colt and Armstrong (1981) hypothesised that since passive diffusion of NH 3 is the major excretion pathway in most aquatic animals, it would become more difficult for animals to excrete under high ambient ammonia. As a result, animals may reduce or stop feeding to limit the internal accumulation of nitrogenous waste products. The excretion of nitrogen as NH 4 þ is thought to be in the form of an ion exchange of NH 4 þ for Na þ within active transport sites (Na þ /K þ -ATPase or sodium pump) of the cell membrane (Pequeux and Gilles, 1981; Willmer et al., 2000) . In larvae of the giant river prawn (Macrobrachium rosenbergii, De Man, 1879), Armstrong et al. (1978) found that the ammonium ion had a greater affinity for the active transport site than the sodium ion. Consequently, ambient NH 4 þ successfully competed with Na þ to reduce sodium absorption, thereby diminishing body concentration of this important salt that is involved in amino acid synthesis, transmembrane movement of amino acids or sugars, and possibly gene expression (Willmer et al., 2000) . At the cellular level, high ammonia concentration can cause the diversion of up to 68% of a-ketoglutarate from normal energy conversion reactions to detoxification processes instead (Tomasso, 1994) . These mechanisms of ammonia toxicity may play a role in reducing survival and growth in the larvae of J. edwardsii.
The aims of the present study were to define acceptable levels of ammonia for the hatchery propagation of J. edwardsii. The ontogenic changes in the tolerance of larvae to acute levels of total ammonia were examined from the first to the fourth stage of development. The effect of chronic levels of ammonia on growth was also examined in Stage II larvae. Recommendations of acceptable chronic levels of total ammonia and un-ionised ammonia were estimated for Stages I, III and IV larvae from the acute: chronic ratio (Tomasso, 1994 ) obtained experimentally at Stage II.
MATERIAL AND METHODS

Toxicity Bioassays
Bioassays were conducted for 96 hours to determine the total ammonia (mg l À1 ) median lethal concentration (also referred to as 96-h LC 50 ) in midStages I, II, III and IV J. edwardsii larvae. Larvae were sampled from mass culture tanks ) and placed in plastic jars (220 ml) filled with 1 lm filtered seawater heated to 198C and a buffered stock solution of ammonium chloride (2,000 mg l À1 ) in order to obtain exposure concentrations ranging from 10 to 90 mg l À1 ammonia-N. Jars were stocked with 15, 12, 10 and 10 animals at Stages I, II, III and IV, respectively. Maximum test concentrations were increased with each developmental stage from 50 mg l À1 ammonia-N in Stage I larvae to 90 mg l À1 ammonia-N at Stage IV to account for increased tolerance with age as shown in other crustacean larvae (Chin and Chen, 1987; Young-Lai et al., 1991) while maintaining adequate sampling resolution for subsequent analysis. Tests were conducted in larvae from two broods at each stage and in duplicates for each brood. Jars were randomly arranged in a thermo-regulated water-bath (mean of daily temperature measurements 6 SD ¼ 19.0 6 0.58C). Larvae were fed daily with on-grown Artemia (1.5-3 mm long) at a density of 3 ml
À1
. Dead larvae were removed and counted daily, while live animals were transferred to clean jars and test solution. The actual total ammonia concentration in test solutions was determined daily with the phenolhypochlorite method (Solórzano, 1969) . pH was measured daily and averaged (6 SD) at 8.04 6 0.09. Salinity at this location ranges between 29.5 and 34.5 practical salinity units (psu) (Chamchang, 1997) . Antibiotic (25 ppm, oxytetracycline hydrochloride, Engemycin 100, Intervet, Australia) was added to seawater to minimise disease. To account for natural mortality, a control treatment without ammonia was added to each bioassay. Mortality observed at each concentration tested was corrected for natural mortality assumed to be independent of treatment and caused by handling and rearing conditions in the control groups with the following Abbott's formula (Finney, 1971) :
where P, C and P* are proportions of mortality caused by ammonia toxicity, natural mortality and total mortality, respectively. The 96-h LC 50 (6 95% CI) for total ammonia was obtained at each stage using probit analysis (Norušis, 1990) on the response corrected for natural mortality. The corresponding concentrations of NH 3 -N were calculated from the tables in Bower and Bidwell (1978) . Differences in the rate of response to increasing dose rates of NH 3 -N from Stage I to Stage IV were assessed by testing for parallelism (Norušis, 1990 ) between stages of the linear relationships of the probit transformed response against dose rate. The above analyses were carried out with SPSS 10.0 statistical software.
Growth Trial
Recently moulted Stage II larvae with a length of 2.97 6 0.06 mm were sampled from mass culture tanks following rearing through Stage I by the method of . Stage II larvae were preferred to Stage I in order to avoid the mortality that can occur a few days post-hatching due to poor larval fitness. The larvae were reared through to Stage III at nominal total ammonia concentrations of 0, 1, 3, 6 and 10 mg l À1 , using the same method described above for bioassays. The actual test concentrations presented in the text were determined from daily measurements of total ammonia in culture seawater with the phenol-hypochlorite method (Solórzano, 1969) . There were three replicates per treatment and larvae were initially stocked at a density of 12 per 220 ml plastic jar (;60 larvae l À1 ). Mean 6 SD temperature, salinity and pH computed from daily measurements were 18.9 6 0.18C, 34.1 6 1.0 psu and 8.03 6 0.03, respectively. Larvae that moulted into Stage III were removed from the culture vessels and their image was captured on computer with a Panasonic Super Dynamic WV-CP450 video camera attached to an Olympus S240 stereomicroscope for measurement of body length to the nearest 1 lm with Scion software. The effect of total ammonia on survival, intermoult period and post-moult body length was assessed by ANOVA and Least Significant Difference test, after data were tested for normality (Kolmogorov-Smirnov test) and homoscedasticity (Leven Median test). These analyses were carried out with JMP statistical software. The no-observable-effect concentration (NOEC) and the lowestobservable-effect concentration (LOEC) were expressed for total ammonia and un-ionised ammonia.
RESULTS
Acute Ammonia Toxicity (96-h LC 50 )
The 96-h LC 50 for total ammonia (and corresponding NH 3 -N) for Stages I, II, III and IV were 31.6 (0.97) mg l À1 , 45.7 (1.40) mg l À1 , 52.1 (1.59) mg l À1 and 35.5 (1.01) mg l À1 , respectively, and were not significantly different (Fig. 1) .
Mortality Response to Increasing Ammonia-N From Stage I to IV there was a significant effect of ontogeny on the slope of the Probit transformed mortality against dose rate (df ¼ 3, v 2 ¼ 34.47, P , 0.0001) (Fig. 2) . Indeed, sensitivity to total ammonia declined from Stage I to II (df ¼ 1, v 2 ¼ 20.13, P , 0.0001) and III (df ¼ 1, v 2 ¼ 11.42, P , 0.001), but increased from Stage III to IV (df ¼ 1, v 2 ¼ 14.64, P , 0.0001). The slopes of mortality against increasing ammonia-N were similar at Stages I and IV (df ¼ 1, v 2 ' 0, P ¼ 1) and at Stages II and III (df ¼ 1, v 2 ' 0, P ¼ 1).
Effect of Ammonia Toxicity on Survival and Growth
Within the range of total ammonia concentrations tested, the survival of phyllosoma larvae from Stage II to III (overall mean 6 SD; 90.0 6 10.0 % ) was not affected (ANOVA, F 4,10 ¼ 0.58, P ¼ 0.683; Table 1) nor was body growth increment from Stage II to III (overall mean 6 SD; 0.90 6 0.04 mm; F 4,10 ¼ 1.051, P ¼ 0.429). However, there was a significant effect of total ammonia concentration on the duration of the intermoult period (F 4,10 ¼ 11.60, P , 0.001; Fig. 3) , increasing by 17.5% at the highest level of 9.5 mg l À1 , and the LOEC at which development was significantly longer (P , 0.05) was 6.3 mg l À1 (or 0.19 mg NH 3 -N l À1 ). The NOEC was 3.8 mg ammonia-N l À1 (or 0.12 mg NH 3 -N l À1 ). DISCUSSION The acute effect of ammonia (i.e. NH 4 þ and NH 3 ) on developing larval stages has been reported for several crustacean species (Chin and Chen, 1987; Young-Lai et al., 1991; Lin et al., 1993; Zhao et al., 1998) . For the phyllosoma of J. edwardsii, the tolerance to, or estimated 96-h median lethal concentration (96-h LC 50 ) of, ambient total ammonia and NH 3 -N was higher than in the nauplii of Penaeus monodon, Fabricius 1798 (Chin and Chen, 1987) , but similar to that reported in larvae of Homarus americanus, H. Milne Edwards, 1837 (Young-Lai et al., 1991) and P. japonicus, Bate, 1888 (Lin et al., 1993) . Although it appeared that the tolerance of the larvae of J. edwardsii may have increased with development from Stage I to III and then declined at Stage IV, this was not significant. This is despite the apparent reduction in the slope of the mortality response to increasing ammonia concentration through to Stage III. Therefore, we cannot conclude that J. edwardsii conform to other crustacean larvae where tolerance commonly increases with development, such as in P. monodon (Chin and Chen, 1987) , H. americanus (Young-Lai et al., 1991), P. japonicus (Lin et al., 1993) and Eriocheir sinensis, H. Milne Edwards, 1853 (Zhao et al., 1998) . Instead, it appears that there is no notable change in the sensitivity to ammonia of early stage phyllosoma. This is despite the observed ontogenic changes in other physiological parameters such as the digestive organ structures (Johnston and Ritar, 2001) , digestive enzyme complement (Johnston et al., 2004a, b) , profile of whole-larva lipids and fatty acids during early to mid stages (Ritar et al., 2003) or until metamorphosis (Phleger et al., 2001) , and in response to culture temperature (Bermudes and Ritar, 2004) , salinity (Bermudes and Ritar, 2005) and light intensity (Bermudes et al., 2008) . Rearing techniques for J. edwardsii larvae are continually being refined to improve survival and growth (Ritar et al., 2006) , but there was no evidence that conditions during mass culture of larvae in the present study were sub-optimal or may have reduced fitness and the ability to cope with stress during development through to Stage IV, i.e., after about 35 days of rearing.
The effect of ammonia on the growth of crustaceans has mostly been studied in penaeid and palaemonid prawns (Armstrong et al., 1978; Chen and Tu, 1991; Chen and Lin, 1992; Wasielesky et al., 1994) . In these animals, the commonly reported effects of ammonia were reduced weight gain and body length increment (Armstrong et al., 1978; Chen and Tu, 1991; Chen and Lin, 1992) . However, in the larvae of J. edwardsii, increasing total ammonia concentration had no effect on body growth but delayed development at Stage II, effects that would likely have been similar at other stages of development. Comparatively, Lin et al. (1993) observed a slowing of the moulting frequency accompanied by a reduction in growth in the post-larvae of P. japonicus exposed to increasing concentrations of ambient ammonia. Previous workers have conducted growth trials over longer periods of up to 60 days (Chen and Tu, 1991; Chen and Lin, 1992) or examined animals with high moulting frequency (Armstrong et al., 1978) . Thus, experiments conducted over several larval stages in J. edwardsii could result in reduced weight gain and length increment, thereby lowering the NOEC observed for Stage II larvae in this study.
The concomitant study of acute and chronic ammonia toxicity allows for the calculation of an acute:chronic ratio, i.e., 96-h LC 50 4 NOEC. An inter-species average of this ratio can provide an approximation of acceptable levels of ammonia for growth in species for which only acute ammonia toxicity data are available (Tomasso, 1994) . This concept is particularly relevant to larval development in crustaceans since an acute:chronic ratio determined in early larval stages could be used to obtain acceptable ammonia limits for growth in subsequent stages for which median Fig. 2 . Probit transformed mortality of Stages I, II, III and IV larvae of Jasus edwardsii in response to increasingdose rates of total ammonia. The response was fitted with a linear regression at each stage. Table 1 . Post-moult survival (%; mean 6 SD) and length (mm; mean 6 SE) in Stage II larvae of Jasus edwardsii reared through to Stage III at different dose rates of ammonia. (Charmantier, 1998) . In J. edwardsii, the same acute:chronic ratio could be applied from Stage I to Stage X larvae considering that ''gill buds'' appear at Stage XI (Lesser, 1978) . In Stage II J. edwardsii larvae, the noobservable-effect concentration (NOEC) for NH 3 -N was 0.12 mg l
À1
, which together with the 96-h LC 50 for the same stage yields an acute:chronic ratio equal to 11.7, a value that is near the NH 3 -N acute:chronic ratio of 12 reported for the juveniles of P. monodon (Tomasso, 1994) . Considering an acute: chronic ratio of 11.9 for ammonia-N in Stage II larvae of J. edwardsii, the total ammonia and the NH 3 -N NOECs can be estimated for Stages I, III and IV, and are presented in Table  2 . These NH 3 -N values, ranging from 0.08-0.14 mg l
, are consistent with the recommendation by Forteath (1990) to maintain crustaceans and molluscs at levels no greater than 0.1 mg NH 3 -N l
. Although these values can be considered safe for growing early stage larvae of J. edwardsii, they should be further refined in longer term, i.e., more than one stage, exposure trials, as well as in mid-and late-phyllosoma stages in order to define water quality limits throughout larval development. Understanding these mechanisms of chronic NH 4 þ and NH 3 toxicity would be valuable when designing filtration systems for phyllosoma culture. 
